INTRODUCTION
Planar cell polarity (PCP) refers to a property that all, or most, epithelial cells have -31 they are coordinately oriented in the plane of the epithelial sheet and, sometimes, they 32 demonstrate this by forming oriented structures. These oriented structures can be cell 33 organelles such as cilia, or multicellular organs such as mammalian hairs (Tree et al., 34 2002a; Wang and Nathans, 2007; Goodrich and Strutt, 2011; Butler and Wallingford, 35 2017) . Drosophila has been used to identify most of the genes involved in PCP and has 36 proved the most amenable of all animals for elucidating its mechanisms. Most studies 37 have asked where PCP gene products are localised in the cell and asked how these 38 localisations relate to the propagation of polarity from cell to cell. Here we use genetic 39 methods to investigate the function of the prickle (pk), a PCP gene. 40 The pk gene produces two homologous transcripts that encode the Pk and Sple 41 proteins; both proteins contain protein-protein binding LIM domains, they differ in 42 the N terminus (Gubb et al., 1999) and have sequence elements conserved to 43 vertebrates. In vertebrates, syndromes due to pk mutations have been identified but it 44 is not clear if they reveal genuine PCP functions of the pk genes (Tissir and Goffinet, 45 2013). In flies, in the absence of the pk gene, the polarities of bristles and hairs are 46 altered and/or disordered over large areas of the cuticle. In the abdomen, when the pk Page 3 of 32 isoform is overexpressed everywhere, polarity of the anterior (A) compartment is 48 almost entirely reversed while the posterior (P) compartment is normal. By contrast, 49 when the sple isoform is overexpressed everywhere, polarity of the P compartment is 50 completely reversed while the A compartment is normal. These findings led to the 51 hypothesis that the pk gene functions in the wildtype to turn around or "rectify" 52 polarity in order to coordinate PCP over regions of the fly (Lawrence et al., 2004) . 53 These results are consistent with the hypothesis that Pk and Sple have similar 54 functions in PCP, the local outcome depending on the distribution of both proteins 55 and varied regional responses to them (Gubb and Garcia-Bellido, 1982) . For example, 56 in the wildtype, of the two proteins, Pk is found to be the most effective agent in the 57 wing, in the P compartment of the abdomen and the posterior part of the thorax while 58 Sple is thought to predominate in the A compartment of the abdomen and anterior 59 region of the thorax (Gubb et al., 1999; Ayukawa et al., 2014; Merkel et al., 2014; 60 Ambegaonkar and Irvine, 2015). 61 One set of proteins constitute the "core system" of PCP. Because of the central 62 importance of Starry night (Stan) to function of this system we renamed it the "Stan 63 system" (Lawrence et al., 2004) . Proteins classified as members of the Stan system 64 include Stan, Fz, Vang Gogh (Vang), Dishevelled (Dsh), Diego (Dgo) and Pk/Sple (for 65 a review see Goodrich and Strutt, 2011; Adler, 2012; Butler and Wallingford, 2017) . 66 Some of these proteins are asymmetrically distributed: in the wing, Pk is enriched on 67 or near the proximal membrane of each cell (Tree et al., 2002b) , while Frizzled (Fz) is 68 localised distally (Strutt, 2001) . The localisation of these proteins is mutually 69 dependent; when one protein is removed, the others become evenly distributed 70 around the cell periphery (reviewed in Strutt and Strutt, 2009 ). The current view is 71 that Dsh, Pk and Fz interact with each other to amplify their asymmetric localisation 72 within the cell and thereby consolidate its polarity. Groups of proteins associate in 73 separate complexes on different sides of the wing cell and are associated with each 74 other across the cell membrane, proximally or distally, as a response to an upstream 75 signal (reviewed in Klein and Mlodzik, 2005) . 76 Some argue that PCP is produced by three tiers of gene activity (Tree et al., 2002a; 77 Tree et al., 2002b; Yang et al., 2002; Klein and Mlodzik, 2005; Strutt and Strutt, 2005; 78 from the clone. For the Ds/Ft system, Ds, Ft and Dachs (D) are each essential; 123 however removal of only Ds or Ft causes misdistribution of the D protein in each cell 124 (Ambegaonkar et al., 2012; Pan et al., 2013) , leading to an adventitious phenotype of 125 whorly polarity (Ambegaonkar et al., 2012; Lawrence and Casal, 2013) . Therefore the 126 cleanest way to break the Ds/Ft system completely and persuasively is to remove D as 127 well as Ds or Ft. To break the Stan system we remove Stan; stancells cannot send or 128 receive signals, for example stanreceiving cells cannot respond to cells that 129 overexpress fz (Genotype 1) even when those sending cells also express stan 130 (Lawrence et al., 2004; Casal et al., 2006) . Using these functional assays we ask 131 whether and how Pk and Sple cooperate with the Ds/Ft and the Stan systems. It has been proposed that upstream polarity information specified by the Ds/Ft system 136 is interpreted by the Stan system (Yang et al., 2002; Ma et al., 2003; Goodrich and 137 Strutt, 2011; reviewed in Butler and Wallingford, 2017) . Experiments in the adult 138 Page 6 of 32 abdomen showed that the non-autonomous effects on neighbouring cells by clones, 139 for example, lacking ft, depended on the compartment. ftclones in the A 140 compartment made the surrounding cells point inwards towards the clone, while the 141 same clones in the P compartment caused the surrounding cells to point outwards. 142 We therefore argued that the gradients of Ds and Fj activities might have opposite 143 slopes in the anterior (A) and the posterior (P) compartments (Casal et al., 2002) . But 144 if that were true then, because the hairs in both compartments point the same way in 145 the wildtype, hair polarity cannot be a direct readout of the gradient slope of the Ds/Ft 146 system. Experimental evidence provided a solution to this conundrum: perhaps Pk or 147 Sple rectify the reading of a gradient in either the A or the P compartment so that all 148 hairs point in the same direction (Lawrence et al., 2004) . But, later experiments argued 149 that the Stan system and the Ds/Ft system can act independently of each other (Casal   150   et al., 2006; Lawrence et al., 2007; and more recently Brittle et al., 2012 ) -implying 151 that rectification due to Pk and/or Sple does not alter a direct input from the Ds/Ft 152 system into the Stan system but avoids dissonance between their independent inputs 153 into PCP.
154
(i) clones affecting the Ds/Ft system function when the Stan system is broken 155 Previously we showed that clones affecting the Ds/Ft system could polarise cells non-156 autonomously and do so very well in the absence of a functioning Stan system. These 157 studies were limited to the A compartments. Here we show that, in both the A and the 158 P compartments, clones overexpressing ft polarise both wildtype cells (Genotype 2) 159 and cells in which the Stan system is broken -we have used flies lacking stan, 160 (Genotype 3) or, in the case of A clones, both stan and fz (Casal et al., 2006) . In both 161 cases the receiving cells tend to point hairs outwards from the clone in the A 162 compartments (Casal et al., 2006) and inwards in the P compartments (Figure 2 and 163 Figure 3 ). Consistent with these results, clones overexpressing the extracellular 164 domain of Ds also polarise both wildtype cells (Genotype 4) and cells in which the 165 Stan system is broken (stan -Genotype 5) inwards in the anterior portion of A 166 compartments (Casal et al., 2002; Casal et al., 2006) . These clones are ineffective in the 167 posterior parts of A compartments and in P compartments ( Figure S3 ), probably 168 because the activity of Ds is normally high in these regions (Casal et al., 2002) .
Page 7 of 32 (ii) clones affecting the Stan system function when the Ds/Ft system is broken 170 We can also look at the independence of the two systems by interfering with the Stan 171 system in clones in a background in which the Ds/Ft system is broken. Clones that 172 overexpress fz, in either the A or P compartments, normally turn the polarity of 173 receiving cells to point outwards from the clone in A (Casal et al., 2006) and also in P 174 (Genotype 6, Figure S2 ). They do the same in dsflies but with a longer range 175 (Genotype 7; Adler et al., 1998; Ma et al., 2003; Casal et al., 2006;  Figure S1 ). (Lawrence et al., 2004) . If Ds/Ft were to provide an upstream cue that is 187 interpreted by the Stan system via Pk/Sple one would expect the double mutant dspk-188 spleto have a phenotype more similar to the single pk-splemutant than to the ds -189 mutant phenotype. However we find that, in the abdomen, dspk-spleflies (Genotype 190 8) are little different from dsflies ( Figure 1 ). It follows that the ds mutation is epistatic 191 to a mutation that removes both pk and sple functions. Turning to interaction between 192 the Stan system and Pk/Sple. When pk-splestanflies are compared to each single 193 mutant, they differ from both, having an additive phenotype (Genotype 9, Genotype 194 10, and Genotype 11, Figure 1 ), implying that the two genes act independently. Taken 195 together, these findings suggest that the pk gene acts entirely through the Ds/Ft 196 system. However other results argue that Pk and Sple can also act independently of 197 the Ds/Ft system (see below), and suggest instead that Pk and Sple act separately but 198 differently on each of the two systems. 199 Page 8 of 32 (ii) The Stan system functions well, both in cells that lack pk and sple and in cells that 200 have pk or sple overexpressed 201 It has been proposed that Pk/Sple act as a link between Ds/Ft and the Stan system, 202 rectifying the polarity output to ensure that the A and the P compartments have the 203 same polarity. Here we test this link by making clones that alter the Stan system in pk-204 splemutant flies or in flies with ubiquitous overexpression of pk or sple. 205 1. In pk-spleflies. In the abdomen of pk-spleflies (Genotype 11), polarity of most of 206 the A compartment is reversed, but the P compartment is normal. Clones of cells that 207 overexpress fz (Genotype 12 or, alternatively, lack fz, Genotype 13) in such pk-sple -208 flies strongly polarise receiving cells in both A and P compartments; in both 209 compartments the clones affect mutant receiving cells with the same sign as in 210 wildtype receiving cells, that is outwards from the clones that overexpress fz and 211 inwards towards clones that lack fz, independently of the prevailing polarity of the 212 receiving cells ( Figure S2 ). Thus, the Stan system does not need Pk or Sple to send 213 polarity signals or to repolarise receiving cells (cf Lawrence et al., 2004) . Figure S5 ). In the P 233 compartments, we detected no effects on the range of repolarisation surrounding fz -234 clones; either in pk-spleflies or when the levels of either Pk or Sple were increased 235 ( Figure S2 and Figure S5 ). These results add to evidence that the Stan system can 236 function independently of Pk and Sple.
237
(iii) The Ds/Ft system functions well, both in cells that lack Pk and Sple and in cells 238 that have pk or sple overexpressed 239 If Pk/Sple act as an essential link between Ds/Ft and the Stan system one may expect 240 that clones with an altered Ds/Ft system not to have any effect on hair polarity in 241 clones lacking both Pk and Sple. However the results were striking and did not 242 support the link hypothesis. 243 1. In pk-spleflies. Clones of cells overexpressing ft repolarise receiving cells strongly, 244 even if they lack Pk and Sple (Genotype 17). However it surprised us that in the 245 largely reversed A compartment of the pk-spleabdomen, the hairs around the clones 246 point inwards (the opposite sign induced by such clones in the wildtype) and also 247 inwards in the P compartment (the same sign as in wildtype, Figure 2 ). Clones 248 overexpressing ds in pk-spleflies (Genotype 18) act comparably, the hairs around 249 such clones point outwards in A (the opposite sign induced by such clones in the 250 wildtype) and outwards, but weakly, in the P compartment (the same sign as in 251 wildtype, see Figure S3 ). Thus in clones of both genotypes, in the A compartments, 252 the sign of the effect is the opposite from when such clones are made in the wildtype 253 (Genotype 2 and Genotype 4). Nevertheless, in both these genotypes, in the P 254 compartments, the sign of the polarising effect is the same as wildtype. Quantitation 255 of overexpressing ft and ds clones confirms these results and also shows that these 256 clones (in the A compartment) affect the polarity of both wildtype (Genotype 2 and 257 Genotype 4) and stanreceiving cells (Genotype 3 and Genotype 5) to the same extent. 258 They also affect pk-splestan + (Genotype 17 and Genotype 18) and pk-splestan - Figure S3 ). These results show that neither Pk, Sple nor Stan are required for polarity 261 signalling by the Ds/Ft system, although Pk and Sple can change the sign of the 262 response; suggesting that the formation of Ds-Ft bridges works well even the absence 263 of Pk/Sple and/or the Stan system. Any effect seen has to be downstream of these 264 bridges. They also show that Pk and Sple do not act as an essential link between the 265 Ds/Ft system and the Stan system, because if they were such a link, removal of Pk and 266 Sple would block effects on polarity caused by overexpressing ft. 267 Results supporting these conclusions came from clones that altered the Ds/Ft system 268 in flies whose polarity was altered by excess Pk or Sple: 269 2. In flies in which pk or sple are overexpressed. Clones that lack ft made in flies in 270 which pk is generally overexpressed (Genotype 21) behave as follows: where the 271 polarity of much of the surrounding background is reversed from normal, with the 272 hairs pointing forwards (ie in the A compartment), ftclones act with the opposite 273 sign to that in the wildtype (Genotype 22) and hairs around the clone tend to point 274 outwards ( Figure 6 ). In the P compartment, where overexpression of pk produces no 275 change to polarity, the ftclones behave as they do in the wildtype, that is the hairs 276 point outwards from the clone ( Figure 6 ). 277 Clones that lack ft made in flies in which sple is generally overexpressed 278 (Genotype 23) behave as follows: in the A compartment, which has normal polarity, 279 these clones affect these receiving cells as they affect wildtype cells; hairs around the 280 clone point inwards ( Figure 6 ). In the P compartment, where the polarity of the Page 11 of 32 3. These results show that the Ds/Ft system can function independently of Pk and Sple 290 but that Pk and Sple can modulate the sign of its output. This dramatic effect could, in 291 principle, be due to Pk and/or Sple affecting the patterns of expression of ds, and/or fj 292 and thereby changing the orientation of the Ds/Ft system gradients. To test we studied 293 the expression of enhancer traps for ds and fj loci in pk-spleflies and saw no 294 departure from the wildtype patterns (Genotype 28, Genotype 29, Genotype 30 and 295 Genotype 31; Figure S6 ). It follows that Pk and Sple determine whether polarised Figure S4 ) and ftdflies (Genotype 39, Figure 5 ). 316 In dflies, the A and P compartments are largely normal but a section of the P 317 compartment is reversed, as in ds -(or ft -) flies. When ubiquitous Pk is added to dor 318 ftdflies, the anterior part of the A compartment is altered to point forwards and the reversed rear section of the P compartment is "rescued" so that it points backwards, as 320 in the wildtype. Thus Pk affects both the A and the P compartment in these flies. 321 However, unlike Pk, ubiquitous Sple affects dand ftdflies differentially: in a d -322 background there is no change to the A compartment, but the whole P compartment 323 is largely reversed. But, in a ftdbackground the anterior region of the A 324 compartment points laterally and, as noted by Sharp and Axelrod (2016) the P 325 compartment is rescued, having a normal orientation -thus Pk and Sple have similar 326 effects on ftdbut very different effects on dflies. It follows from these findings that 327 Ft has outputs that are independent of D and that these outputs are altered by Sple but 328 not by Pk. Note that both Sple and Pk can rescue the reversed polarity in the P (vi) Can Pk function independently of both systems of PCP? 351 We have presented evidence that the Pk and Sple modulate, in different ways, both the 352 Ds/Ft and the Stan systems. We wondered if Pk and Sple proteins could have outputs 353 independently of these systems. To test, we have overexpressed pk in a genetic 354 background in which both systems are broken, viz: ftdstan -. We found, using blind 355 screening, that could not distinguish the phenotypes of these flies with and without 356 the overexpression of pk (Genotype 47 and Genotype 48, Figure 4) Here we make stan E59 clones (stan E59 introduces a premature stop codon in the 380 ectodomain Usui et al., 1999) that overexpress ft or ds in pk-splestan 3 / pk-splestan E59 381 flies; and show that these clones repolarise the receiving cells. This polarisation cannot 382 depend on Pk and Sple intervening, inside the cells of the clone, between the Ds/Ft 383 and the Stan systems because the sending cells lack the stan and pk genes completely; 384 in addition the receiving cells lack the pk gene and any functional Stan (see previous 385 paragraph). A finding that conflicts with current models in which the pk gene 386 products are proposed to link the two systems of PCP (Hogan et al., 2011; Ayukawa et 387 al., 2014; Merkel et al., 2014; Olofsson et al., 2014; Ambegaonkar and Irvine, 2015) . 388 Another argument is relevant here: clones affecting the Ds/Ft system have 389 outputs of different sign in the A and P compartments (Casal et al., 2002) . If this 390 divergent polarisation were to act through and depend on the Stan system via a 391 molecular link of Pk and/or Sple, then we would expect the polarising output from 392 Stan system clones (eg from fzclones) to be also of different sign in the two 393 compartments and to be dependent on that link (cf Figure 7 in Ayukawa et al., 2014) . 394 However, this is not the case ( Figure S2E and Figure S2F ). Sending cells that overexpress ds or ft, or lack ds or ft, change the polarity of receiving 416 cells, even in the absence of Pk and Sple-it follows that these proteins cannot be 417 necessary for the Ds/Ft system to function and propagate polarity from cell to cell. 418 However the sign of this change depends on whether the receiving cells contain, lack 419 or overexpress products of the pk gene. These results show that the Pk and Sple can 420 alter the sign of polarisation that is produced by the Ds / It has been suggested that Pk and Sple do fundamentally different things (Ayukawa et 438 al., 2014; Ambegaonkar and Irvine, 2015) ; however our findings fit better with the 439 view that the two isoforms have similar molecular functions and the differences 440 between them are due to their expression in different patterns (Gubb et al., 1999) . 441 Indeed, in the results (section v) where we study the behaviour of ftor ft-expressing 442 clones, we found that removal of Pk and Sple or ubiquitous expression of either can 443 eliminate any differences in responses between the A and the P compartment cells. What could be the purpose of such complexity? In Drosophila the consistent 482 orientation of the wing hairs may have led to an oversimplified and idealised picture. 483 Elsewhere, the presentation of PCP is more complex: consider the mixed orientation 484 of rows of hairs and denticles on the Drosophila larva, differing dorsally and ventrally, 485 or, in mammals, the startlingly diverse orientation of stereocilia in the vestibular 486 system, or the complex patterns of hair orientation on the skin. Two separate genetic 487 systems which generate polarity by reading the slopes of morphogen gradients, plus 488 Pk and Sple to modulate output in different parts of the body, could generate much of 489 this flexibility in PCP.
490

Conclusion
491
We have found for the abdomen that Pk and Sple are not essential components of 492 either the Ds/Ft or the Stan systems. We have shown that they do not function as a 493 link between the two systems. Instead, Pk and Sple appear to modulate the polarity 494 outputs of both the Ds/Ft system and the Stan system with the most conspicuous 495 effects on the former. Both these systems differ in their components but are similar in 496 their logic; both utilise intercellular molecular bridges that become distributed asymmetrically within each cell. Pk and Sple could help produce this asymmetry-498 perhaps via a generic function in cell biology whose mechanism is still undescribed. 499 Our genetic experiments on the abdomen point to conclusions that differ from the 500 prevailing view that the pk gene mediates between the Ds/Ft and the Stan systems. We 501 do not know if our conclusions apply to other organs in the fly, but if we adopt the 502 hypothesis that they do, they suggest that current views of the wildtype functions of 503 the pk gene should be reconsidered. Genotype 16: fzclones in dsflies: ds UA071 FRT39/ ds 33k bw V1 ; fz H51 trc C1 ri FRT2A/ 546 hs.CD2, y + hs.GFP ri FRT2A/ TM3 547 Genotype 17: UAS.ft clones in pkspleflies: y w hs.FLP122 tub.gal4 UAS.nls-GFP/ y 548 w hs.FLP; FRT42D pk pk-sple-13 sha/ FRT42 pk pk-sple-13 tub.Gal80/ UAS.ft/ + abdominal cuticles were studied as before (e.g., Lawrence et al., 2004; Casal et al., 618 2006 ).
504
MATERIALS AND METHODS
619
Quantitation 620 Individual hairs along the entire perimeter of each clone (about 60-100 hairs per 621 clone) were each scored as pointing largely into, outwards or parallel to the clone. 622 Parallel hairs, which averaged 8% of the hairs, were counted; half was added equally to 623 the inwards and outwards sets. The average orientation is then found for each clone 624 (between 10 and 20 clones per genotype). 625 For range measurments, for each clone (n=20) the maximum extent in cell rows 626 of the induced polarity changes was measured. The observer was blinded as to 627 genotypes; he chose clones located in the middle of the A compartment and the 628 Page 23 of 32 middle or rear of the hairy region of the P compartment; small clones were avoided. 629 Statistical analysis and graphics were performed in R using standard packages (R Core 630 Team, 2016) and the reshape and ggplot packages (Wickham, 2007; Wickham, 2009) . 631 Page 27 of 32 Tree, D. R., Ma, D. and Axelrod, J. D. (2002a) . A three-tiered mechanism for 748 regulation of planar cell polarity. Semin. Cell Dev. Biol. 13, [217] [218] [219] [220] [221] [222] [223] [224] Tree, D. R., Shulman, J. M., Rousset, R., Scott, M. P., Gubb, D. and Axelrod, J. D. Figure 4 . Effects of overexpressing pk on polarity of cells in which either the Stan 794 system (stan -) or the Ds/Ft system is broken (ftd -), or both are broken (ftdstan -). 795 Background phenotypes for the A compartments (A, B, C and E) and for the P 796 compartments (D, F). In the A compartments, generalised overexpression of pk 797 changes the polarity of the anterior region of wildtype, stan -(Genotype 32) and ftd -798 cells (A, E and F). In the P compartments, the region that normally points anteriorly 799 in ftdpoints posteriorly (as in the wildtype) when pk is overexpressed (I). 800 Page 29 of 32 Ubiquitous Pk appears to have no effect on ftdstanin either A or P compartments 801 (J and K). Compare Figure S4 for expression of pk in dflies. and Sple, the Stan system can still receive and send polarity information, implying that 831 it is the asymmetric activation of protein complexes that polarise a cell rather than 832 asymmetric localisation. Pk and Sple alter the sign of the polarity output of the Ds/Ft 833 system, but by an unknown mechanism. Yet, Pk and Sple can alter polarity output 834 even when the Ds/Ft system is broken. The results show that Pk and Sple can act A and B) . This effect is 847 blocked when the Stan system is broken (stan -) (C and D). In a pk-splebackground 848 the sign is also outwards but the range of repolarisation is strongly reduced in the A 849 compartment (E and F). Clones are variously marked, see Genotypes in Materials and 850 Methods. 851 Figure S3 . Results of similar experiments to those in Figure 3 , but here the clones were 852 overexpressing the ectodomain of Ds. 853 The results are comparable with those of Figure 3 in the A compartments (although of 854 the opposite sign to ft-overexpressing clones, as expected (Casal et al., 2006) . None of 855 the clones had significant effects in the P compartment -this lack of response is most 856 simply explained by high ambient level of Ds in P, which is suggested by ds.LacZ 857 expression (Casal et al., 2002) . A response was visible in flies that lack four-jointed (fj) 858 (data not shown), which increases the range of signalling by the Ds 
